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Abstract 
BaTiO3 (BTO) film was prepared by pulsed laser deposition, and then the film was implanted with Fe ions at 5×1016 cm-2 dose. 
The Fe:BTO film shows simultaneously ferromagnetic order and ferroelectric order at room temperature. More important is, the 
temperature dependent magnetic measurements of the Fe:BTO film show a distinct change in magnetization at the ferroelectric 
Curie temperature, which indicates the coupling between the two order parameters. Our results demonstrate that Fe:BTO film is a 
kind of promising multiferroic material. 
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1. Introduction 
Multiferroic materials with coexistence of at least two ferroic orders (ferroelectric, ferromagnetic or ferroelastic) 
have recently stimulated ever-increasing research activities for their scientific interest and technological applications 
in multifunctional devices such as memories and sensors[1-3]. The importance of multiferroics is that they do allow 
us to carry out efficient control of magnetization/polarization by an electric field/magnetic field. However, the 
natural multiferroic single-phase compounds are rare, and none of the existing single-phase materials combines 
large magnetization and polarization at room temperature, therefore, proper room temperature single-phase 
multiferroic compounds are still lacking[4, 5]. Finding new multiferroic materials with ferroic orders and strong 
coupling between order parameters above room temperature is an important subject on the research of multiferroics. 
Hazardous lead-based materials have been prohibited from many commercial materials and applications, owing 
to concerns regarding the pollution on the environment and its toxicity to human beings, and there is a global 
tendency to minimize the use of lead-based materials[6, 7]. BaTiO3 (BTO) is the most extensively investigated lead-
free ferroelectric material, which is widely used in practical applications, and 3d transition metal can be easily doped 
and substitute for the titanium atom in BTO to produce ferromagnetism, due to their close resemblance to the 
titanium ion in size and valency. Hiroyuki and Hiroshi[8] predict that the Cr-, Mn- and Fe-doped BTO are 
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candidates for ferromagnetic fabrication using ab-initio total energy calculations. B. Xu et al. [9] also predict a 
magnetic moment of 3.05 ȝB per Fe atom when Fe substitutes for Ti in BTO using first-principles calculation based 
on the density-functional theory. Experimentally Fe-doped BTO samples are usually hexagonal perovskite 
structure[10, 11], but the hexagonal BTO is not ferroelectric[12]. Although B. Xu et al. [9] report the ferroelectricity 
and ferromagnetism coexistence in the Fe-doped BTO, but they do not observe the coupling between ferroic order 
parameters. In this paper, we report studies on the ion-implanted Fe:BTO film, and we observe the coupling between 
ferromagnetism and ferroelectricity. 
2. Experimental procedure 
The BTO films were deposited by pulsed laser deposition (PLD) on low-resistive n-Si (100) substrates at a 
temperature of 973 K. The energy and repetition rate for the 248 nm KrF excimer laser was 250 mJ/pulse and 5 Hz, 
respectively, and the distance between target and substrate was 6 cm. The base vacuum of the chamber was 2.6×10-4 
Pa and the oxygen pressure was 13 Pa during the BTO films deposition. Then the BTO film was implanted with Fe 
ions at 5×1016 cm-2 dose by metal vapor vacuum arc (MEVVA) technology, and this film was named as Fe:BTO. 
The extraction voltage for Fe ions was 45.0 kV during the implantation, and the system base pressure was 4.3×10-4 
Pa. The sample was mounted on a water cooled substrate stage and the temperature of substrate stage was kept at 
293 K.  
The crystal structures of films were measured using X-ray diffraction (XRD) with Cu KĮ radiation source on a 
PANalytical X’Pert PRO MPD diffractometer at room temperature. Room temperature Raman measurements were 
performed using the 514.5 nm line of an argon ion laser as the excitation source with a laser output power of 5 mW. 
Surface morphology and the corresponding magnetic force images of films were investigated by atomic force 
microscopy (AFM) and magnetic force microscope (MFM), respectively, using a NanoScope  Č from Digital 
Instrument Veeco Metrology Group. Magnetic properties were measured using a Quantum Design PPMS-9 physical 
property measurement system (PPMS). Ferroelectric property was measured using a TF Analyzer 2000E FE- 
Module from aixACCT Systems GmbH 
3. Results and discussion 
The room temperature XRD patterns of BTO and Fe:BTO films are shown in Fig. 1. Except the peaks from Si 
substrate which was partly oxidized to SiO2 during the deposition of BTO film, the XRD pattern of the BTO film 
indicates the dominant formation of the cubic phase, but the cubic BTO is paraelectric. However, the fact that the 
full width at half maximum (FWHM) (0.6989°) of the peak of (002) and (200) at about 2ș = 45° is evidently broader 
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Fig. 1. (Color online) XRD patterns of Fe:BTO and 
BTO films measured at room temperature. 
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Fig. 2. Room temperature Raman spectrum of the 
BTO film. 
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than that (0.3324°) of (111) at about 2ș = 39° suggests that the crystal structure of the BTO film may be basically 
tetragonal[13]. Raman spectroscopy is a highly sensitive technique to probe the local structure of BTO. The optical 
modes in cubic phase transform according to triply degenerate irreducible representations 3F1u+F2u of the Oh point 
group. The F2u mode is silent and the F1u modes are only infrared active, so there is no Raman activity in the BTO 
with perfect cubic symmetry. In the tetragonal phase, each of the F1u modes splits into a doubly degenerate E mode 
and a nondegenerate A1 mode, and the F2u mode splits into E and B1 modes. All the A1 and E modes are both Raman 
and infrared active and the B1 mode is only Raman active. The presence of long-range electrostatic forces further 
splits each of the A1 and E modes into transverse and longitudinal optical (TO and LO) modes. Raman spectrum of 
the BTO film measured at room temperature is shown in Fig. 2. The dominant features in the Raman spectrum of 
BTO film are sharp peaks at 260 cm-1 (A1(TO)) and 298 cm-1 (B1, E(TO+LO)), a broad peak near 510 cm-1 (A1, 
E(TO)), and a weak peak at around 712 cm-1 (A1, E(LO)), where the assignment of phonons is given inside 
parentheses. The observed Raman peaks have been assigned to more than one phonon mode since the frequencies of 
a few A1 and E modes are very close.[14] The fact that the phonon frequencies observed in our BTO film are lower 
than the corresponding phonon frequencies in reference [14] is attributed to compressive stress in the film[15]. 
Therefore, the Raman spectrum provides unambiguous confirmation of the presence of the tetragonal ferroelectric 
phase in our BTO film through the observation of  298 and 712 cm-1 peaks[15]. The XRD pattern of the Fe:BTO 
film shows that the FWHM (1.5759°) at about 2ș = 45° is evidently broader than that (0.5396°) at about 2ș = 39°, 
which suggests that the crystal structure of the Fe:BTO film is still basically tetragonal, and no additional peaks 
apart from those of Fe:BTO film and substrate appears.  
Fig. 3 shows the room temperature surface morphology and the corresponding magnetic force image of the 
Fe:BTO film obtained by AFM and MFM, respectively. The AFM image (see Fig. 3(a)) clearly indicates that the 
root mean square roughness (Rms) of the Fe:BTO film is 1.407 nm, and there are some big grains which may be 
generated during the implantation of Fe ions, but we do not observe any magnetic domains in the MFM image (see 
Fig. 3(b)), so the big grains are not ferromagnetic and the Fe:BTO film should not contain big magnetic grains. 
The resistivity of Si substrate is about 0.02-0.09 ȍ·cm, so the low-resistive Si substrate could act as the bottom 
electrode. The top Au dot electrodes about 300 ȝm in diameter were sputtered onto the top of films through a 
shadow mask. The ferroelectic properties of BTO and Fe:BTO films were measured between two Au dot electrodes 
in the light of reference [5], which is equivalent to measure two capacitors in series. The BTO and Fe:BTO films are 
all ferroelectric at room temperature (see Fig. 4). The coercive field (Ec), remanent polarization (Pr) and maximum 
polarization (Pmax) of BTO and Fe:BTO films are shown in Table 1. The values of Pr (11.27 ȝC/cm2) and Pmax 
(15.60ȝC/cm2) of the BTO film  are comparable to those of  bulk BTO (Pr = 14.5 ȝC/cm2, Pmax = 23.4 ȝC/cm2 
(reference [16])). The values of Pr (4.09 ȝC/cm2) and Pmax (10.70ȝC/cm2) of the Fe:BTO film are smaller than those 
of bulk BTO, because the implantation of Fe ions reduces the structural quality of tetragonal BTO film to some 
extent. We conclude this from the fact that the peaks of the Fe:BTO film are broader and fewer than those of the 
BTO film in the XRD patterns (see Fig. 1). The values of Ec of BTO (365 kV/cm) and Fe:BTO (198 kV/cm) films 
(a) (b)
Fig. 3. (Color online) (a) Room temperature AFM image and (b) the corresponding MFM image of the Fe:BTO
film taken on the area of 3×3 ȝm2. 
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are all larger than that of bulk BTO (Ec = 22 kV/cm (reference [16])). This might be attributed to the clamping from 
the Si substrate[5]. 
The room temperature in-plane magnetization versus magnetic field (M-H) curves of Fe:BTO and BTO films and 
the magnetization versus temperature (M-T) curve of the Fe:BTO film from 300 to 800 K measured at an applied 
field of 39788.5 A·m-1 (500 Oe) are shown in Fig. 5. The M-H curves show that the as-deposited BTO film is 
diamagnetic and the ion-implanted Fe:BTO film is ferromagnetic at room temperature. The Ms value of the Fe:BTO 
film is about 8079 A·m-1 or 1.03 ȝB/Fe (assuming that all implanted Fe ions contribute to the magnetization). The 
M-T curve shows that the ferromagnetic Curie temperature (TFM) of the Fe:BTO film is about 580 K. We believe the 
ferromagnetism of Fe:BTO film is intrinsic, and not due to any magnetic impurity phase, such as iron, Ȗ-Fe2O3 and 
Fe3O4, for the following reasons. First, the TFM (580 K) of Fe:BTO film is obviously different from those of possible 
magnetic impurity phases, iron (1043 K), Ȗ-Fe2O3 (900 K) and Fe3O4 (850 K). In addition, if impurity phases of iron, 
Ȗ-Fe2O3 and Fe3O4 are responsible for the observed magnetism in the Fe:BTO film, we have to assume that almost 
47%, 82% and 79% of the implanted Fe ions should be employed to form iron, Ȗ-Fe2O3 and Fe3O4, respectively, 
since the saturated magnetic moment of iron, Ȗ-Fe2O3 and Fe3O4 are 2.2ȝB/Fe, 1.25ȝB/Fe and 1.3ȝB/Fe, respectively. 
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Fig. 5. (Color online) (a) Room temperature in-plane magnetization versus magnetic field (M-H) curves of 
Fe:BTO and BTO films. (b) The magnetization versus temperature (M-T) curve of the Fe:BTO film from 300 to 
800 K measured at an applied field of 39788.5 A ·m-1 (500 Oe). 
Table 1. The coercive field (Ec), remanent 
polarization (Pr) and maximum polarization (Pmax) of 
Fe:BTO and BTO films obtained from Fig. 4. 
 
Sample Ec(kV/cm) Pr(ȝC/cm2) Pmax(ȝC/cm2)
Fe:BTO 198 4.09 10.70 
BTO 365 11.27 15.60 
Fig. 4. (Color online) Ferroelectric hysteresis 
loops of Fe:BTO and BTO films measured at 
room temperature and 5000 Hz. 
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If such a large amount of magnetic impurities exist, the significant XRD peaks of iron, Ȗ-Fe2O3 or Fe3O4 should 
appear[9], but we do not observe any additional peaks apart from those of Fe:BTO film and substrate in the XRD 
pattern of the Fe:BTO film (see Fig. 1). We consider that the exchange interaction among magnetic Fe ions is 
responsible for the presence of ferromagnetism in the Fe:BTO film. 
Fortunately, the M-T curve (see Fig. 5(b)) shows coupling between the ferroelectric and ferromagnetic order 
parameters in the Fe:BTO film. This is manifested as a distinct change in the magnetization of about 894 A·m-1 
around the ferroelectric Curie temperature (TFE ~ 457 K). This unequivocally indicates that the magnetic property is 
strongly modified by the lattice distortion during the ferroelectric–paraelectric phase transition in the Fe:BTO film. 
The presence of both compressive and tensile strain in film induces the elevation of TFE[17]. The TFE (~ 457 K) of 
the Fe:BTO film is larger than that of  bulk BTO (~393 K), and R. Maier and J. L. Cohn [17] have reported that 
while strain elevates TFE above bulk values in thin-film BTO to ~ 473 K, Fe doping entails further increases of  TFE 
up to ~ 593 K. 
4. Conclusions 
In summary, multiferroic ion-implanted Fe:BTO film has been prepared by PLD and MEVVA technologies. The 
Fe:BTO film shows not only ferroelectric and ferromagnetic behaviors at room temperature, but also a strong 
coupling between ferroelectric and ferromagnetic order parameters. Implanting 3d transition metal into typical 
ferroelectric BTO film is an effective way to achieve multifunctional multiferroics. 
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